Motivation: Spatially clustered mutations within specific regions of protein structure are thought to result from strong positive selection for altered protein functions and are a common feature of oncoproteins in cancer. Although previous studies have used spatial substitution clustering to identify positive selection between pairs of proteins, the ability of this approach to identify functional shifts in protein phylogenies has not been explored. Results: We implemented a previous measure of spatial substitution clustering (the P 3D statistic) and extended it to detect spatially clustered substitutions at specific branches of phylogenetic trees. We then applied the analysis to 423 690 phylogenetic branches from 9261 vertebrate protein families, and examined its ability to detect historical shifts in protein function. Our analysis identified 19 607 lineages from 5362 protein families in which substitutions were spatially clustered on protein structures at P 3D < 0.01. Spatially clustered substitutions were overrepresented among ligand-binding residues and were significantly enriched among particular protein families and functions including C2H2 transcription factors and protein kinases. A small but significant proportion of branches with spatially clustered substitution also were under positive selection according to the branch-site test. Lastly, exploration of the top-scoring candidates revealed historical substitution events in vertebrate protein families that have generated new functions and protein interactions, including ancient adaptations in SLC7A2, PTEN, and SNAP25. Ultimately, our work shows that lineage-specific, spatially clustered substitutions are a useful feature for identifying functional shifts in protein families, and reveal new candidates for future experimental study. Availability and Implementation: Source code and predictions for analyses performed in this study
Introduction
In addition to a variety of sequence-based methods for detecting positive and negative selection in proteins (Kosakovsky Pond et al., 2011; Murrell et al., 2015; Nielsen and Yang, 1998; Smith et al., 2015; Yang and Bielawski, 2000; Zhang et al., 2005) , the ongoing growth of protein structural data has made it increasingly feasible to explore protein evolution from a biophysical perspective (Liberles et al., 2012; Lobb and Doxey, 2016; Wilke, 2012) . The accumulation of substitutions within particular regions of protein structure, for instance, can be indicative of evolutionary pressures on those regions and may be predictive of positive selection for new protein-protein interactions or altered specificities (Landgraf et al., 2001) .
Several methods have been developed to detect aggregated substitutions in protein structures (Kamburov et al., 2015; Meyer et al., 2016; Wagner, 2007; Yu and Thorne, 2006) . These methods typically measure the average spatial proximity of pairwise substitutions when mapped to 3D structures and calculate a P-value (or P 3D value) by comparison to random distributions obtained by resampling. The mutation clusters identified by such methods therefore potentially represent regions under accelerated evolution, evolutionarily transient protein-protein interfaces and specificity determining regions (Landgraf et al., 2001) . At the same time, similar to K a /K s based predictions, it can be difficult to distinguish positive selection from relaxation of negative selection (Shapiro and Alm, 2008) .
The detection of spatially aggregated mutations is also the basis of several recent methods for predicting cancer proteins, which show a tendency for clustered mutations in specific regions such as active sites (Kamburov et al., 2015; Meyer et al., 2016; Ye et al., 2010) . For example, Kamburov et al. (2015) performed a comprehensive analysis of somatic mutational clustering in almost 5000 tumors and identified significant 3D mutation clusters in both oncoproteins and tumor suppressors including previously unidentified cancer gene candidates.
Although previous studies have analyzed mutational clustering at the level of pairwise sequence analysis, the use of 3D mutation clusters to infer functional shifts in protein phylogenies has not been explored. To test this idea, in this study we combined the P 3D measure of spatial substitution clustering (Wagner, 2007) with ancestral sequence reconstruction (Pupko et al., 2000) to identify substitution clustering at specific branches of phylogenetic trees. To assess the utility of this approach we performed a large-scale screen of vertebrate protein families in order to detect branch-specific substitution clustering, and compared results to predictions of positive selection by the branch-site test (Zhang et al., 2005) . Our results indicate that lineage-specific bursts of spatially clustered substitution have occurred frequently, are enriched in certain functional categories, and overlap significantly with predictions of positive selection. We discuss top-scoring candidates from our screen including historical substitution events in vertebrate protein families that have likely generated new functions and protein interactions. Ultimately, the use of structural information to examine the three-dimensional clustering of branch-specific substitution patterns complements existing approaches and reveals candidate adaptive shifts in proteins.
Methods
2.1 Method overview: extending the P 3D statistic to detect branch-specific spatial substitution clustering Given a multiple sequence alignment and associated phylogeny of a protein family, we implemented an approach to calculate the degree of spatial substitution clustering for each possible lineage (branch) in the tree (Fig. 1) . First, BLAST (Altschul et al., 1997 ) is used to identify homologous structural templates from the PDB (Berman et al., 2000) . Family centroid sequences (highest average identity to remaining sequences) are selected and searched against a snapshot of the PDB (retrieved May 30, 2015) (Altschul et al., 1997; Berman et al., 2000) . For each substituted site, the following structural features are transferred from the template:
1. Mean Euclidean inter-a-carbon distance 2. Mean relative solvent-accessible surface area (RSA) RSA was calculated as a ratio of observed sidechain accessible surface area (ASA) to 'ideal' ASAs of free sidechains as computed using the POPS algorithm (Cavallo et al., 2003) (Supplementary Table  S1 ). As expected, RSAs between substituted residues were indeed found to be more correlated (r ¼ 0.650) than ASAs (r ¼ 0.520) / kl( Supplementary Fig. S1 ) in a dataset of PDB substitutions (Eyal et al., 2001) , which supports their use.
To allow the possibility of integrating structural information from multiple PDB templates (which is especially important if different structures are required to model different sequence regions), we implemented a multi-template modeling procedure similar to that described in Kamburov et al. (2015) which acquires feature values from the topscoring PDB template for each residue position ( Supplementary Fig.  S2 ). To enable high-throughput analyses of thousands of protein families, we precomputed structural features for all PDB entries and stored them in a database for fast retrieval. Alpha-carbons were chosen to represent amino acid centers over sidechain distances because sidechain positions are inherently variable between substitutions. By retrieving pairwise distance information from multiple homologs in the PDB, different domains can be modeled from separate templates, maximizing the coverage of the model (see Supplementary Fig. S2 ). First, ancestral sequences are computed for every node in a phylogenetic tree for the protein of interest. At each branch, substitutions are identified between the derived node and its immediate ancestor. These sequences and their substitutions are mapped on to protein structures and their average inter-a carbon distances computed. The significance of the degree of clustering among these substitutions is estimated using resampling (Color version of this figure is available at Bioinformatics online.)
At each node within the phylogenetic tree, ancestral sequences are reconstructed by maximum likelihood (ML), and the set of k substitutions along a branch j are computed (Fig. 1) . Ancestral sequences are reconstructed using FastML with default parameters (JTT matrix, branch length optimization, marginal reconstruction, gamma distribution to model site variation) (Pupko et al., 2000) . Because sampling over a probability distribution of possible ancestral states had excessive computational requirements, we analyzed the single set of substitutions corresponding to differences between the most likely ancestral states. As done previously (Wagner, 2007) , the average distance between substitutions (d j ) is then calculated and compared a distribution of k randomly sampled average distances (repeated 10 000 times) (Fig. 1) . Randomly sampled substitutions are drawn only from the residues present in the sequence-tostructure alignment. Finally, from this distribution, a one-tailed P 3D value is calculated for the branch with multiple hypothesis correction (Benjamini and Hochberg, 1995) . P 3D represents the statistical significance of the degree of branch-specific 3D substitution clustering.
Scoring individual residues: degree of spatial clustering and evolutionary trace
To calculate residue-specific clustering scores, we calculated the contribution of each residue to the average pairwise distance score by leave-one-out analysis. That is, the average pairwise distance among all residues was compared to that calculated with each residue excluded. Each excluded residue was assigned a cluster contribution score based on the change in average distance observed whereby a large increase implies that the removed residue is close to the center of a cluster and a decrease implies that the residue is peripheral. The cluster contribution scores were scaled from 1 to 100 and visualized by a color gradient on the protein surface.
To score individual residues by their evolutionary importance, we applied the differential Evolutionary Trace (ET) method, which identifies conserved residues unique to a specific subfamily (Kang et al., 2015; Madabushi et al., 2004) . ET scores were computed using the ET algorithm available at http://mammoth.bcm.tmc.edu/downloads. html (Lichtarge et al., 1996) , and scores were separately computed for the sequences within and outside of selected subfamilies.
Structural phylogenetic analysis of the PR-5 protein family
Twenty-one protein sequences from the plant PR-5 family were retrieved from various genomics databases (Fernandez-Pozo et al., 2015; Goodstein et al., 2012; Kersey et al., 2014; Lamesch et al., 2012; Pruitt et al., 2014; Yu et al., 2015) (Supplementary Table S2) . A multiple sequence alignment was generated using MUSCLE version 3.3.31 with default parameters (Edgar, 2004) . A maximum likelihood tree was constructed using PhyML (Guindon and Gascuel, 2003 ) with the LG model as implemented in Seaview (Gouy et al., 2010) . Two PDB structures were identified as templates for the PR-5 family: 1AUN chain A and 2I0W chain A (Ghosh and Chakrabarti, 2008; Koiwa et al., 1997) .
Application to the EnsemblCompara database
For database screening, phylogenetic trees from Selectome's Euteleostomi taxonomic cluster (release 6, version 68) were analyzed (Moretti et al., 2014) . Trees and MSAs were initially derived from EnsemblCompara (Vilella et al., 2009 ) and totaled 423 690 total branches from 9192 trees. Branches were ranked by their P 3D values (refined further with fitted null distributions) and FDRadjusted (Benjamini and Hochberg, 1995) . Positive selection P-values were retrieved for each branch from Selectome database tables (Moretti et al., 2014) , and these were previously computed with PAML (Yang, 2007) using the branch-site model (see Zhang et al., 2005 ; additional details at http://selectome.unil.ch/cgi-bin/methods. cgi). The branch-site model was initially selected for use in Selectome over other methods (see Vitti et al., 2013 for a review), as it performs stringent likelihood tests to detect episodic selection, is able to contrast positive selection with relaxed purifying selection to reduce false positives, and shows reliable accuracy at deep phylogenetic branches (Proux et al., 2009) . A subset of phylogenies from transcription factor families was constructed by BLAST mapping of EnsemblCompara to the BIPA database (Lee and Blundell, 2009) . BIPA was subsequently used to define DNA-bound versus nonbound residues. Finally, paralog lineages in the EnsemblCompara trees were defined as branches splitting identical taxon names.
Results

Analysis of spatial substitution clustering within a single protein phylogeny
To demonstrate the ability of the P 3D method to detect clustered substitution in a protein family, we analyzed the plant pathogenesisrelated (PR-5) protein family for which this phenomenon has been previously hypothesized (Doxey et al., 2010) . The PR-5 family is a widely-studied family of stress-induced proteins with antifungal and glycan-lytic properties (An zlovar and Dermastia, 2003; Petre et al., 2011) . The PR-5 family is also known to have undergone differentiation in substrate specificity and binding interactions.
A phylogenetic tree of plant PR-5 proteins was constructed using sequences from several plant genomics databases (see Methods). All branch-specific substitutions were reconstructed by maximum likelihood, mapped to protein structures, and the significance of their spatial clustering was computed (Fig. 2) . A single branch displaying significant substitution clustering was identified (P 3D ¼ 0.004, Fig. 2 ). This branch (labeled 'i') coincides with the emergence of a specific subclade of PR-5 known as PR-5d that is specific to the Solanaceae lineage of plants. The substitutions occurring at this branch include three surface-exposed Trp residues as well as additional gained substitutions that are indeed highly clustered on one face of the PR-5d structure (Fig. 2) . For comparison, the substitutions along a branch with a non-significant P 3D value (branch ii, P 3D ¼ 0.695) are randomly distributed throughout the protein structure as would be expected from our null model.
Previous work has shown that the detected motif is unique to the PR-5d subfamily and forms a likely cellulose-binding site (Doxey et al., 2010) . Cellulose-binding activity for this subfamily has also been verified experimentally but was not detected in closely paralogs lacking this motif. The identified lineage-specific spatial clustering of substitutions at the base of the PR-5d lineage further suggests a gain of function within the PR-5 family, and demonstrates that the P 3D statistic can effectively capture branch-specific substitution clustering as intended.
A large-scale screen for clustered substitution in vertebrate protein families
To explore the ability of the branch-specific P 3D statistic to predict adaptive events in a large-scale screen, we analyzed 9192 phylogenetic trees and multiple sequence alignments obtained from the Selectome database (Moretti et al., 2014) (originally from EnsemblCompara (Vilella et al., 2009) ). Sets of substitutions from 423 690 total branches of the Ensembl Euteleostomi cluster were mapped to 3D structures based on the closest available PDB templates and each assessed for spatial clustering. Branches were ranked according to the P 3D statistic with multiple hypothesis correction.
A total of 19 607 branches from 5362 protein phylogenetic trees were identified with spatially clustered substitutions (P 3D < 0.01). Thus, more than half (58.3%) of all protein families had at least one instance of significant spatial clustering. The frequency of detected spatial substitution clustering was 4.6 times more abundant than that expected by chance (0.01 Â 423 690 ¼ 4236.9 expected random hits, see Fig. 3A ). After multiple hypothesis correction, 2550 branches from 1229 phylogenies (13.4% of protein families) were associated with an instance of spatial clustering (P 3D-Adj < 0.01). As expected, the highest scoring branches contain a relatively high number of substitutions (mean ¼ 14.9) compared to background (mean ¼ 11.8) (see Supplementary Fig. S3 for distributions of the number of residues in detected clusters).
To examine the relationship between spatially clustered substitution and previous measures of positive selection, branches with spatially clustered substitutions were compared to those identified as significant by the branch-site likelihood ratio test (Zhang et al., 2005) in the Selectome database (P < 0.01). Out of 170 270 total branches that were comparable using both methods (253 420 branches were given 'N/A' values by the branch site test and were excluded), 20 921 were identified as under positive selection, 6080 exhibited spatial clustering, and 806 branches were identified by both methods, indicating a small but statistically significant overlap between predictions (P ¼ 0.011, hypergeometric test) (Fig. 3B) . Using the more stringent set of predictions (P 3D-Adj < 0.01), 82 of 518 (15.8%) branches with spatial substitution clustering also exhibited positive selection using the branch-site test (significance of overlap, P ¼ 5.1 Â 10 À 3 ). Finally, the degree of prediction overlap increased even further to approx. 30% when examining branches with a greater number of amino acid substitutions ( Supplementary   Fig. S4 ), which reflects the influence of branch length on the statistical power of both approaches.
We next sought to determine whether clustered substitutions are overrepresented in certain functional sites or categories. Several enriched functions among the top-scoring candidates were detected using DAVID (Huang et al., 2009) Table S3 ). Indeed, both C2H2 transcription factors and protein kinases have undergone considerable functional diversification in vertebrates (Emerson and Thomas, 2009; Manning et al., 2002; Schmidt and Durrett, 2004) . C2H2 transcription factors were also uniquely enriched among cases with spatial clustering but not positive selection. This suggests that our method may reveal adaptive shifts missed by other approaches and an even broader extent of adaptive diversification in mammalian zinc fingers than previously thought. Consistent with the idea of diversifying evolution of transcription factor binding, we observed a tendency for paralogous transcription factor lineages to show substitution enrichment in or near their DNA binding regions versus orthologous genes (see Methods and Supplementary Table S4) .
Enzymatic functions on the other hand were not enriched among our predictions, nor did the predictions significantly overlap with known catalytic sites (Furnham et al., 2014) . However, we did detect significant overlap among our cluster-associated residues and ligand-binding sites from the IPfam database (Finn et al., 2014) . Residues from top-scoring predictions (P 3D < 0.01 and P 3D-adjust < 0.01) had a 1.2 and 1.6-fold enrichment over background expectation, respectively (Fig. 3C ).
Exploration of top-scoring spatial substitution clusters
To further explore predicted instances of substitution clustering and their possible evolutionary and functional impacts, we investigated the top-scoring predictions in detail. We focused on branches leading to mammals, although it should be noted that these branches may represent earlier lineages due to poor taxon sampling of the Fig. 2 . Phylogeny of the plant PR-5 protein family assessed for branch-specific spatial substitution clustering. One branch, highlighted in red (branch i, P 3D ¼ 0.004), exhibits significant substitution clustering when the method is applied. A comparable branch (branch ii, P 3D ¼ 0.695) shows comparatively little clustered substitution, instead showing a random distribution of substitutions throughout the structure. The substituted residues are shown in red on the protein structure (PDB id 1AUN); the darker residues represent the triple tryptophan motif forming a putative binding surface in the PR-5d subfamily (Doxey et al., 2010) existing Ensembl tree database. Among the top 15 predictions (Table 1) , three predictions could be associated with known protein functional shifts described in previous literature, which we discuss below. The remaining 12 predictions represent lineage-specific spatially clustered substitutions with currently unknown impacts on protein function. SLC7A2: The top-scoring prediction overall was identified within an ancestral lineage of SLC7A2, a gene that encodes the CAT-2 sodium-independent cationic amino acid transporter (Hoshide et al., 1996) (Table 1 ). The detected ancestral substitutions display clear spatial clustering (P 3D ¼ 1.68 Â 10 À 88 ) within a segment of the splice isoform CAT-2B which encodes a loop region localized to the inner cell membrane (Fig. 4A) . The branch is also a predicted candidate of positive selection (P ¼ 1.59 Â 10 À 5 according to the branch-site test). Remarkably, the predicted substitutions specific to CAT-2B have been previously shown to significantly affect CAT-2 activity. The CAT-2B isoform uniquely displays higher substrate affinity and trans-stimulation -activation by substrate at the trans side of the membrane (Fotiadis et al., 2013) . This specific activity of CAT-2B has been suggested to provide arginine for nitric oxide synthesis in alveolar macrophages (Fotiadis et al., 2013) . It is therefore possible that the detected substitution clustering reflects an ancient evolutionary adaptation for enhanced immunomodulation in vertebrates. PTEN: The fourth ranked prediction (Table 1 ) identified a set of clustered substitutions in an ancestral branch of the phosphatase and tensin homolog (PTEN) tree (Fig. 4C) . PTEN is a dual specificity phosphatase and highly studied tumor suppressor that is essential for embryonic development (Di Cristofano et al., 1998) . Interestingly, PTEN was also predicted as a top-scoring candidate in a recent screen for clustered mutation in cancer proteins (Kamburov et al., 2015) . Our analysis identified a significant set of substitutions within the C2 domain (P 3D ¼ 1.31 Â 10 À 8 , P ¼ 1 by the branch-site test; Fig. 4C ). The C2 domain has been shown to interact with thioredoxin, which serves as an important inhibitor of PTEN activity (Meuillet et al., 2004; Schwertassek et al., 2014; Song et al., 2007) . Remarkably, three of the five identified substitutions are mutations to cysteine, and one of these (Cys-218 in human PTEN) has been shown to directly form an intermolecular disulfide bond with thioredoxin (Meuillet et al., 2004) . Therefore, the detected lineage-specific substitution clustering in the C2 domain coincides with the evolutionary emergence of the PTEN-thioredoxin interaction, which has led to increased PTEN-mediated control of cell growth during oxidative stress.
SNAP-25: Finally, prediction # 14 corresponds to substitutions along an ancestral branch in the synaptosomal-associated protein 25 (SNAP-25) phylogeny (rank ¼ 14, Table 1 ). SNAP-25 is a neuronal SNARE protein implicated in directing fusion of synaptic vesicles with plasma membranes, thus playing a critical role in molecular regulation of hormone and neurotransmitter release (Delgado-Mart ınez et al., 2007) . In the Ensembl tree, SNAP25 subdivides into two lineages representing different splice isoforms (SNAP25a and SNAP25b) representing an ancient exon duplication (Nagy et al., 2005) (Fig. 4B) . The analysis detected significant substitution clustering (P 3D ¼ 6.93 Â 10 À 4 , P ¼ 1 by the branchsite test) at the C-terminal end of the first SNARE motif on the branch leading to SNAP25b (Fig. 4B) . Previous studies have shown that these substitutions in SNAP25b cause dramatic differences in secretion levels (Nagy et al., 2005) and neuronal maturation and function (Delgado-Mart ınez et al., 2007) . The elimination of SNAP-25b in mice has been shown to cause significant defects in synapse function, seizures, impairment of spatial learning and also type II diabetes (Johansson et al., 2008; Valladolid-Acebes et al., 2015) .
Scoring individual residues within spatial substitution clusters
Although the P 3D statistic detects a general spatial clustering of a set of branch-specific substitutions, additional analysis is required to score individual residues in terms of their potential importance. To explore this, we analyzed both the evolutionary conservation and degree of spatial clustering for the cluster-associated residues from the proteins described earlier (PR-5d, SLC7A2, SNAP25, and PTEN). First, we computed residue-specific contributions to the average pairwise distance by leave-one-out analysis (see Methods). The residue-specific clustering scores effectively mark residues near cluster centers and also identify peripheral residues that are outside of a cluster center (see Supplementary Fig. S5 ). For example, Trp-34 and Trp-36 contribute most strongly to the clustering detected in the PR-5d lineage, and these residues lie in the center of the putative binding site.
Second, we applied the differential Evolutionary Trace (ET) approach to identify lineage-specific conserved residues and more specifically, trace residues unique to each subfamily by ET 'subtraction' (see Methods) (Madabushi et al., 2004; Rodriguez et al., 2010) . The differential ET scores correlated significantly with our predictions in two out of the four protein families we investigated in detail (PR-5d and SNAP25) (Supplementary Fig. S6 ). In these two cases, the residues associated with branch-specific spatial clustering showed dramatic differences in their differential ET scores and had the strongest extent of lineage-specific evolutionary conservation. This agreement between approaches strengthens the likelihood that the identified lineage-specific substitutions represent evolutionary adaptations.
In the other two cases (PTEN and SLC7A2), however, the subfamilies analyzed were not variable enough in sequence either due to an insufficient sampling or evolutionary time scale, to yield meaningful differences in ET scores between residues. Our approach therefore may be advantageous in cases such as these where adaptive shifts have occurred but there is insufficient data on sequence diversification to facilitate detection by conservation-based methods. 
Conclusion and discussion
In this work, we implemented a previous measure of spatial substitution clustering (P 3D ) and applied it within a phylogenetic framework (Fig. 1) to detect lineage-specific functional shifts in protein families (Fig. 2) . Through the large-scale application of this method to Ensembl vertebrate protein families, several interesting evolutionary trends were revealed. First, a considerable number of evolutionary bursts of clustered substitution have occurred in the vertebrate protein history (Fig. 3A) . Second, many of the branches identified as significant overlap with those identified as under positive selection (Fig. 3B) , and cluster-associated residues show increased tendency to be involved in ligand interactions (Fig. 3C) . Third, clustered substitution has occurred more frequently in specific vertebrate protein families, such as newly duplicated paralogous zinc finger transcription factors. This is consistent with the notion that these families have undergone adaptive evolution via diversification of DNA binding specificity (Emerson and Thomas, 2009; Schmidt and Durrett, 2004) . Finally, our screen reveals a large number of predictions for future experimental investigation, as suggested by the identification of clear cases of function-altering clustered substitutions among topscoring candidates (Fig. 4) . The identification of clustered substitution within alternative exons in both SLC7A2 and SNAP25 also highlights exonic duplication and divergence as an effective means for generating spatially clustered substitutions in protein structures. Although our approach is conceptually similar to previous approaches for finding lineage-specific functional shifts [i.e. specificity-determining residues, tree-determinant residues and Evolutionary Trace (Lichtarge et al., 1996; Del Sol Mesa et al., 2003) ], our analysis suggests that lineage-specific mutational clustering may identify some candidate adaptive shifts that are not detected by other methods; for instance, shifts in subfamilies that lack the sequence variation necessary to distinguish conserved from unconserved sites. Furthermore, the small but significant overlap with positive selection predictions, and function-enrichment analyses (Supplementary Table S3 ) suggests our approach may also identify some candidate adaptations that are missed by K a /K s codonbased approaches.
Similar to other widely used methods, the approach used here relies on the quality of the inputs. As such, artifacts may be introduced through lineage-specific indels (Wagner, 2007) or alignment errors and noise (Fletcher and Yang, 2010) . In addition, distinguishing positive selection from relaxed negative selection is challenging, as it is for other sequence-based methods (Shapiro and Alm, 2008) . Finally, as the P 3D statistic (Wagner, 2007) relies on structural templates, it is not applicable to all proteins. However, the increasing coverage of protein structure space expected in coming years (Khafizov et al., 2014) , combined with large-scale homology modeling of entire proteomes (Drew et al., 2011; Lewis et al., 2015) and interactomes (Szilagyi and Zhang, 2014) , will make structure-aided approaches like this increasingly feasible and powerful for uncovering evolutionary phenomena from a biophysical perspective. . Three high-scoring cases of branch-specific clustered substitution detected in ancestral vertebrate protein lineages. For each case, the branch identified as significant is highlighted in red and its associated substitutions have been mapped onto the closest available structural template (SLC7A2, PDB 3GI9; SNAP25, PDB 1JTH, PTEN, PDB 5BUG). Each of the three sets of branch-specific clustered substitutions can be associated with functional shifts (described in text). For visualization, a recent structure of human PTEN (PDB 5BUG) was used instead of the more distant homolog (PDB 3V0J) identified by the method. This structure is a closer structural template, but lacks resolved structure in residues 284-310, which contain several substitutions. Phylogenetic trees have been taken from the Selectome database (Moretti et al., 2014) , except for the SNAP25 tree which was rerooted to highlight the derived nature of the SNAP25-B splice isoform (Color version of this figure is available at Bioinformatics online.)
